Abstract: Fullerenes and heteroatom doped fullerenes exhibit high potential as drug delivery agents in sensor technology and medical applications. We investigated, using density functional theory, the possible interaction sites and the nature of interaction, adsorption energy assessments, band gap energy evaluations, charge transfer analyses, and some diagnostic vibrational band assignments for valproic acid (VPA) and aluminum, silicon, and boron decorated fullerene systems. The present research shows that VPA has strong interaction with the doped fullerene cages particularly at its carbonyl edge. Therefore, these doped fullerenes can be suggested as possible drug delivery agents.
Introduction
Valproic acid (VPA) and its derivatives are at the center of medical applications. VPA is a kind of fatty acid that has been used for the treatment of illnesses such as epilepsy, mood disorders, migraines, and neuropathic pain (Löscher, 2002; Waszkielewicz et al., 2011; Chiu et al., 2013; Hoffmann et al., 2014) . However, despite useful functions from the medical point of view, exposure to VPA during the early stages of pregnancy is known to induce the autism (Ornoy, 2009) . Furthermore, prenatal VPA exposure increases the risk of autism spectrum disorder significantly (Rasalam et al., 2005) . Therefore, it is important to detect the presence and to administer the VPA drug carefully in the living organisms to avoid its side effects.
Fullerene nanocages have been constantly under investigation because of their useful chemical, physical, and electronic properties. Targeted drug delivery and sensor applications of pristine and heteroatom doped fullerene complexes have been studied since the detection of drugs has important consequences (Kroto et al., 1985; Bakry et al., 2007; Singh and Lillard, 2009) . It has been reported that fullerene derivatives were used in the search for delivery of anticancer drugs (Zakharian et al., 2005; Ashcroft et al., 2006) . It has also been reported that heteroatom substitution of fullerene surface increases its sensitivity to molecules (Goyal et al., 2007; Hassani and Tavakol, 2014) .
Quantum mechanical calculations, particularly density functional theory methods, have been used for structural, spectroscopic, and stability assessments of a wide range of molecular systems (Alver and Şenyel, 2010; Keşan et al., 2012; Ertürk et al., 2016; Hazrati and Hadipour, 2016; Bashiri et al., 2017) . In this research, the interaction mechanism between VPA and boron-, aluminum-, or silicon-doped C60 fullerene complexes were analyzed. In addition, conductivity, band gap, and sensitivity properties of the constructed fullerene complexes were examined.
Computational details
Complexes were optimized in the gas phase and in water with frequency calculations. The optimization process was repeated with small iterations on the structures until negative frequency was not observed. The resultant optimized structures in gaseous phase are given in Figure 1 . Theoretical calculations including vibrational and nuclear magnetic resonance (NMR) properties were carried out using the B3LYP/cc-pVDZ method. Adsorption (E ads ) energy of the complexes was calculated using Equation (1).
The charge transfer rate (∆N) between the doped fullerenes and drug was investigated as reported before (Parr et al., 1999; Padmanabhan et al., 2007; Esrafili, 2017) . The polarizable continuum model was used to analyze the solvation effects (Tomasi et al., 2005) . To gain further insight about the nature of interaction, natural bond orbital (NBO) analyses were carried out (Reed et al., 1985; Reed et al., 1988) . In the multiple component molecular systems, basis set superposition error (BSSE) is an important factor changing the results of E ads values (Liu and McLean, 1973) . In the present study, BSSE was included by the counterpoise correction method (Boys and Bernardi, 1970; Gutowski and Chałasinski, 1993; Simon et al., 1996) . Multiwfn, Gaussian, and GaussView programs were used for the calculations of Wiberg bond index (WBI) or Fuzzy bond orders (FBOs), optimization calculations, and building the investigated structures correspondingly (Dennington et al., 2008; Frisch et al., 2009; Lu and Chen, 2012) .
Results and discussion
The electrostatic potentials on the optimized structures of VPA are given in Figure 2 ; and based on these, the carbonyl and hydroxyl edges were chosen as active sites. As reported previously (Parlak and Alver, 2017) , for the doped fullerenes, B, Al, and Si dopant atoms were selected as interaction edges. In the optimized structures of the complexes (Figure 1) , it is observed that the dopant atoms of B, Al, and Si connect to the carbonyl edge of VPA drug molecule and thus the hydrogen atom of hydroxyl group moves to the nearby C atom on the cage adjacent to the dopant atoms. The corrected adsorption energies of the complex systems including BSSE were found as -13.56, -52.88, and -56.42 kcal/mol for B-, Al-and Si-doped complexes, respectively. The E d energy of SiC59…drug complex is the largest in magnitude leading the most stable complex. Adsorption energies are all negative, indicating an exothermic reaction; and energy values indicate possible chemisorption between the dopant atoms and the oxygen of carbonyl edge of the drug molecule. Calculated FBO and WBI values can be used to assess the strength of the covalent bonding (Mahdavifar and Poulad, 2014; Du et al., 2016) . For the B-and Si-doped complexes, the calculated FBO and WBI values range between 0.9 and 1.3. This suggests that interaction occurs dominantly with oxygen atom of carbonyl group of the drug molecule. However, the smaller values, 0.04-0.18, obtained for B-OH and Si-OH bonds imply that hydroxyl edge is not preferred for connection of the B-and Si-doped complexes. This fact shows some differences with Aldoped complex. FBO and WBI values for Al-O=C and Al-OH bonds are found to be approximately 0.8 and 0.6, respectively, and these values indicate that strong covalent bond character is also possible with the oxygen edge of hydroxyl group as well as the carbonyl edge. These can also be deduced with NBO charges. For example, the differences in magnitudes of NBO charges between oxygen atoms of carbonyl and hydroxyl are found to be 0.13 and 0.27 for the B-and Si-doped complexes, but this difference is only 0.06 for the Al-doped complex. It is noteworthy that the hydrogen atom of hydroxyl group moves to the cage after complexation. For our discussion, the O edge other than CO is named as OH edge. Chemical bonding requires certain distances between the related atoms. Therefore, it is better to consider the results of distances between dopant atoms and oxygen of carbonyl and hydroxyl groups. As observed in Figure 1 , only for AlC59…drug complex, the distances from Al atom to O atoms of drug molecule are comparable with the values of 1.93 and 2.05 Å. To consider the effect of solvent, this study was also carried out in water; and the solvent energies were calculated by taking the difference between optimized energies of the investigated complexes in water and gaseous phase (Hazrati and Hadipour, 2016; Parlak and Alver, 2017) . Solvent energies for Al-, Si-, and B-doped complexes were found as -3.96, -4.07, and -5.50 kcal/mol, respectively. They are all comparable, but the BC59… drug complex appears as slightly more soluble than the other complexes.
HOMO-LUMO band gaps can be used to assess the reactivity of the complexes (Aihara, 1999) . The gap energies were obtained for B-, Al-, and Si-doped complexes as 2.351, 2.526, and 2.565 eV; and it is seen that the BC59… drug complex is slightly more reactive than the other complexes. Charge transfer rates for B-, Al-, and Si-doped complexes were found as -0.094, -0.072, and -0.125. Since ∆N < 0 for all the complexes, charge flows from the drug to the doped fullerene. Therefore, the drug acts as electron donor, whereas the doped fullerenes are electron acceptor for the complexes studied.
To contribute to the structural identifications, vibrational analyses were also carried out for the examined complexes. Free drug molecule shows OH stretching band at 3704 cm −1
. Upon interaction with the doped fullerene cages, this band disappears as expected because hydrogen of hydroxyl group moves to a nearby carbon atom on the cages as previously discussed. Consequently, a new CH stretching band appears on the interacted complexes at 3008, 2992, and 3028 cm −1 for B-, Al-, and Si-doped complexes. Bending vibration for the same band in the same order is observed at 1054, 1048, and 1056 cm −1 . These bands are depicted in Figure 3 and can be considered as diagnostic vibrational bands to identify the similar complexes experimentally.
As stated previously, upon interaction between VPA and the doped cage, hydrogen atom of hydroxyl group moves to a nearby carbon atom on the cage that can be used for another diagnostic property of the complex system from the point of view of NMR spectroscopy. When compared to the hydrogens available in the system, hydrogen of C-H built on the fullerene cage appears in the lower magnetic field region in the NMR spectra.
1 H NMR chemical shift of C-H were calculated as 4.8, 6.0, and 6.1 ppm for VPA interacting with B-, Al-, and Si-doped systems correspondingly. Furthermore, these peaks can easily be differentiated from other hydrogen peaks available in the system because they appear in the lower magnetic field region and far from the other hydrogen peaks. NMR calculations were carried out in water solvent, and tetramethylsilane was used as the reference.
Conclusions
The interaction between B-, Al-, and Si-doped C60 fullerene cages and a drug molecule VPA was examined based on the quantum mechanical considerations. The strongest adsorption energy was observed for SiC59…drug complex with the energy of -56.42 kcal/mol. The interaction occurs by a chemical bond between carbonyl edge of the drug molecule and the dopant atom of the cage. Following this bonding, the hydrogen of the hydroxyl group is transferred to a nearby carbon atom on the cage. This fact is supported by vibrational and NMR spectroscopic assessments. For the Al-doped complexes, FBO and WBI values also suggest the possibility of connections with hydroxyl edge of the drug molecule. The strong interaction energies obtained, taking into account BSSE corrections, suggest that these doped fullerene cages can be potential carriers for the drug VPA.
